The state of the art of knee arthroplasty has improved beyond all recognition in the last decade. The phenomenal success of hip arthroplasty in the latter half of the 1960s made one increasingly aware of the dismal results of knee reconstruction and the primitive nature of the existing massive rigid hinges. Patients, in particular those with polyarthritis, who underwent hip reconstruction, were frequently only marginally improved if severe knee disease co-existed. The pain-free mobility of their hips made them all the more conscious of their knee disability. Arthrodesis of the knee, which was a safe simple procedure, resulting in a stable pain-free outcome, was achieved at the expense of movement and social acceptability. The overall mobility of patients with multiple joint involvement who underwent knee arthrodesis was often only marginally irnproved.
In the past, a successful operation was one which resulted in some improvement to the patient. The criteria of success changed radically with the advent of hip arthroplasty and success was now equated with normality. Thus, the c h alenge for a successful knee arthroplasty arose. Clinically, the parameters of a successful knlee arthroplasty are easily defined. The patient should be able to sit, stand, walk, negotiate stairs and inclines, all with a sense of security and without pain. Furthermore, patients should be ablle to undertake these activities in their own environments and maintain them for prolonged periods of time; all this must be achieved with a minimum morbidity and mortality.
In 1968 Gunston" introduced a hingeless polycentric knee prosthesis, which heralded a new era in knee replacement surgery. The principle of low frictional materials was utilized for the first time, axial rotation was permitted as well as both rolling and sliding movements, and in addition, a dependence on the existing collateral and cruciate ligaments which was hitherto considered impractical. The advantages as well as the disadvantages of his design were apparent. It was difficult to insert 4 separate components and ensure correction of alignment. There was no inherent stability in the joint and anchorage of the components in severely destroyed joints was not practical. Correction of severe degrees of angular deformity or instability was moreover not possible.
At that time (1968) the choice of total knee prostheses available was very limited. The Gunston prosthesis was not available commercially and 3 rigid hinges-the Walldius, the Shiers and the McKee prostheses-were the only total joints available. The need for a Gunston-type prosthesis, however, without its disadvantages was obvious and thus the evolution of the current design.
Basic designs evolved independently in other centers and before introduction of the currently described prosthesis to clinical use in November 1971, the GUEPAR hinge" was introduced in January 1970 followed by the Freeman-Swanson" prosthesis in April 1970 and the geomedic Knee2 in March 197 1. A prerequisite to formulation of design criteria for a prosthetic knee replacement is an understanding of knee function, anatomy and biomechanics. Biomechanically , the main purpose of the knee is to alter the total length of the lower extremity. This allows locomotion to Sheehan 
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Flexion-extension 135 to 5 '. proceed with minimal displacement of the center of gravity of the body. Knee flexion also minimizes the muscle energy required to move the lower limbs in space against the inertial reactions involved .
A stiff knee not only increases the energy expenditure' quite considerably but also results in a substantial loss of energy absorption in the lower limb. A major factor in energy dissipation is muscle action and elastic and plastic strain energy in the muscles and bones. Such energy dissipation in the lower limb is largely dependent on controlled knee flexion. The extreme loss of energy dissipation in the lower limb can be readily demonstrated by jumping off a low step with both knees in full extension.
Loss of this energy-absorbing mechanism places increased stress on the hip, ankle and spinal joints. In addition, greater movement is required at these otherjoints. Such increased stresses may predispose to the development of early degenera-tive changes in adjacent joints, as has been shown in the case of subtaloid arthrodesis where early ankle joint arthropathy frequently ensues. ' Additional disadvantages of a stiff knee include: difficulty ascending or descending stairs or steep inclines; difficulty sitting or driving; inability to kneel; and difficulty with shoes, stockings, toenails or foot hygiene.
Tables 1 and 2 include design criteria required in prostheses for normal knee movements.
THE PROSTHESIS
The femoral component (Figs. 1 and 2), made in mirror image for left and right knees, has 2 separate bearing surfaces with a gap for the stabilizing stud of the tibia1 component, which interlocks between the femoral bearing surfaces and engages an inner radius, thus ensuring stability of the joint. The external surface of the femoral component has a curvature simulating that of the normal knee, thus allowing a constantly changing instant center of rotation. This is achieved #by blending 2 external radii together, which facilitates manufacture of the prosthesis. The interrial femoral radius engages in the groove of the expanded tibial stud. It simulates cruciate stability by preventing anterior or posterior movement, but at the same time permits a combination of sliding and rolling to occur between the surfaces. Collateral ligament stability is also achieved by this mechanism; approximately 2 to 3 of sidleto-side rock are permitted in the extended p s ition, increasing to 6" to 7" when the knee is semifiexed.
When the knee is fully extended, the tibial stud fits the intercondylar notch of the femoral component ( Fig. l ) , thus preventing axial rotation. In 30" of flexion ( Fig. 3 ) , the condyles show gradual widening of the intercondylar gap, to allow approximately 20" of axial rotation when the knee is flexed to a right angle. The inner femoral radii gradually taper from 50 ', and with the knee flexed beyond a right angle, there is no direct linkage between the components. If apposition of soft tissues occurs posteriorly by the calf and thigh coming in contact, then the tibial component is free to subluxate anteriorly ( Fig. 4) and thus prevent a tensile or distraction force on one or the other component. The possibility of dislocation occurring spontaneously is minimal because increasing flexion causes tension in the quadriceps apparatus and the reaction force between the patella and femur thus increases and prevents anterior displacement of the tibia.
In the initial design," linkage of femoral and tibial components existed until approximately 130" of flexion. At operation this was found to cause transmission of tensile forces to the femoral component when flexed beyond the right angle, and with the patella laterally dislocated, a "pistoning" effect was noticed in view of the even taper shape of the femoral component. To overcome this problem a smooth curve was made in the lower part of the femoral component so that a small amount of cement could prevent distraction from occurring. The retaining grooves in the femoral component that located with the tibial stud were also largely removed but ensured that stability still remained in the fully extended position.
The original design of femoral components was inserted in 7 patients before the current design, which has been used unaltered since November 1972, was decided upon. The tibial component, made of high-density polyethylene, has 2 bearing surfaces ( Fig. 1) and an expanded intercondylar stud shaped like a rugby football when viewed from the side (Fig. 2) ; the required movement and stability are achieved by an accurate selection of radii. The radius of the main weightbearing surface is 50 mm.
PATELLOFEMORAL ARTICULATION
There is no patellar surface as such on the prosthesis but the patella approaches the bearing surface at approximately 50" flexion and remains in contact with it for the remainder of the range. By a combination of design and accurate placement of the prosthesis, the transition point where the patella passes from the lower femur on to the prosthesis is very smooth, and beyond 50" flexion a hemiarthroplasty of the patellofemoral joint has in fact been achieved.
In an ideal total knee prosthesis one would hope to replace the patellofemoral articulation as well as the femorotibial surfaces. This presents many inherent difficulties. If the collateral ligaments in a knee are to function in the presence of an implant, the implant must be carefully aligned from the posterior surface of the femur. This ensures that the ligaments are relatively taut both in the flexed and extended positions. If a prosthesis is inserted so that it lies flush with the anterior aspect of the femur, the tension of the collateral ligaments is adjusted so that they are taut with the knee extended and thus no control over the ligaments is possible as the knee is flexed. If the axis of rotation of the prosthesis happens to correspond to the normal knee axis-which is constantly changing with flexion-then the ligaments will remain taut. This will rarely occur unless a very considerable range of femoral components are available in order that the anteroposterior measurements correspond to the actual bone being replaced. If a patellar surface is incorpo-rated in the design, this surface must be implanted flush with the anterior femoral surface, and thus no account is taken of the accuracy of placement of the prosthesis in relation to the collateral ligaments. This in itself can be a serious problem, particularly with surface-mounted prostheses in that abnormal forces may be applied to the tibial plateau during flexion and may be responsible for loosening and tilting of the tibial compone:nt.
Anchorage of a prosthetic component to the patelIa is also a further problem. The patella is not a smooth concave arc but consists of 3 separate independent bearing areassuperior, middle and inferiorsubdivided into medial and latexal compartments by a vertical ridge. The inferior facet articulates in extension and the contact area gradually changes with knee flexion so that the superior facet articulates in full flexion. Any replacement component on the posterior surface of the patella is thus subject to alternating tensile and compressive stresses and the consequential risk of loosening.
Provision of a patellar surface on the femoral component means the introduction of a large mass of metal in a relatively superficial location, and in the current design a distinct intercondylar approach is considered advantageous so that the prosthesis, both femoral and tibia1 component, can be almost completely enclosed in bone apart from the bearing surfaces. This approach ho.pefully minimizes the amount of soft-tissue reaction to the implant materials and interferes to a minimal extent with the extensor apparatus. Other advantages of the intercondylar approach apart from incorporation of the prosthesis in the bone are as follows: A large bony buttress is preserved on either side of the joint and does not preclude the possibility of a subsequent arthrodesis with minimal shortening should the need arise. The collateral ligaments are preserved and the bone adjacent to the ligaments is undisturbed thus interfering to a minimal extent with the sliding action of the soft tissues about the joint. An intercondylar approach permits ease of insertion of both components as the tibial component can be readily inserted without subluxation of the knee and the femoral component can readily slide into position with the tibial component in situ. Thus, far less soft tissue damage is caused than with other more conventional approaches.
INTRAMEDULLARY F~X A T I O N
The current trend in prosthetic knee replacement is towards safety, should failure occur. This is frequently at the expense of stability, accuracy in alignment and ease of insertion. In soft osteoporotic bone, as is frequently encountered in rheumatoid arthritis, the ideal method for both fixation and alignment is the use of intramedullary stems. In patients with normal bone density the use of intramedullary fixation greatly facilitates the ease of insertion and accuracy of alignment. In addition, the degree of destruction or collapse of the condyles does not influence the final stability of the joint.
In order to achieve the ideal stress transmission, an evenly tapered stem is cemented into bone. If the stem taper is less than 5 " the taper is described as a locking taper and such a component requires moderate force to dislodge it. The stem taper of both components is similar to a morse taper, i . e . , .65 in/ft, giving a taper angle of approximately 2 " , thus exhibiting good locking characteristics.
To prevent rotation of the stem within its cement bed, particularly of the tibial component, flats are applied to the stem. These flats are then blended with the stem so that no points of stress concentration remain. At first sight the stem may appear cylindrical but on closer examination it is virtually triangular. The only way that such a stem could rotate is by splitting its cement bed wide open.
Short stubby intramedullary stems should be avoided, particularly in the lower femur, in view of the risk of supracondylar fracture due to the sudden change in elastic modulus between the bone and implant. The junction of the lower expanded condylar region is already a weak area, as evidenced by the occurrence of supracondylar fractures in this region. If a stem is to be used, it should pass well into the cortical region to obviate stress concentration in the lower femur.
CLINICAL RESULTS
The prosthesis was initially introduced into clinical trial in 1971 and the author's personal series is now in excess of 300 cases. Approximately 4,000 arthroplasties using a prosthetic knee replacement of this design have been done Sheehan Eighty-one per cent of patients in this series suffered from rheumatoid arthritis and the remaining 19% from osteoarthritis. As is to be expected in a series with such a high incidence of patients suffering from rheumatoid arthritis, multiple joint involvement was commonplace. This is emphasized by the number of bilateral knee arthroplasties (34 patients) and by the number who had replacement arthroplasty of the ipsilateral hip (25 patients). Four patients had both hips and knees replaced.
RELIEF OF PAIN
Pain is the major indication for operation in most patients; 81% of the patients in this series who had arthroplasties had complete relief of pain. A further 16% had mild pain which the patient did not regard as of consequence, because it did not interfere with activities and seldom needed individual medication (Table 3 ). The design of this prosthesis does not incorporate apatellarcomponent. At the time of surgery no synovectomy is performed. It is possible that mild pain could persist after arthroplasty from either of these omissions.
Fifteen patients at review complained of mild retropatellarpain but in no instance did this significantly interfere with function. In 3 of these patients no retropatellar crepitus was evident. Six had mild crepitus, 5 moderate and one severe. Patellectomy has not been warranted in any of these cases to date.
The low incidence of patellar problems in this series is largely attributed to the design combined with accurate placement of the femoral component. The normal patellofemoral relationship exists up to approximately 50"-60" of flexion and at this stage a very smooth transition between the bone and surface of the prosthesis occurs. If any step exists in a prosthetic replacement on this surface or if a metallic patellar surface increases the anteroposterior dimension of the patellofemoral bearing area, increased patellar forces are generated and may be responsible for symptoms.
Where patellar symptoms have occurred, they have improved with time, particularly over the first 2 years so an early decision re: secondary patellectomy should not be encouraged. Four patients in the series have recurrent dislocation of the patella to the lateral aspect with knee flexion which was uncorrected at operation. In the overall review 61 knees showed evidence of retropatellar crepitus, although asymptomatic in the majority: 43 mild, 24 moderate and 4 severe. A palpable effusion was present in 9 knees and some thickening of the joint was evident in 13.
FUNCTION
Two patients are unable to walk unaided. Both have advanced rheumatoid arthritis. Severe medical problems preclude further surgical intervention in one of these patients. Five patients can walk about indoors only. All had bilateral knee arthroplasties. Two, in addition, had bilateral hip arthroplasties and one had a unilateral hip arthroplasty (Table 4) . All these 5 patients were confined to wheel-chairs before embarking on their program of reconstructive surgery to the lower limbs. In one instance the patient was confined to a wheel-chair existence for 5 years prior to surgery. Further surgery is planned for 6 of the above 7 patients-one bilateral hip arthroplasty, 3 unilateral hip arthroplasties and 2 reconstructions of feet and ankles. The objective grading of these patients for walking in no way reflects 
MOVEMENT
Movement is the essential advantage of arthroplasty over arthrodesis. Preoperative flexion averaged 98.8" and at follow-up was 98.9". The average flexion at time of discharge was 82.5" and most patients were not discharged until active flexion of 85" to 90" was obtained. The loss of extension preoperatively averaged 21.7" and postoperatively, 7.7". Thus, the overall increase in range was from 77" preoperatively to 90.9" postoperatively. From the above it will be observed that this increase in range was achieved by diminution in the fixed flexion deformities. The range of passive movement of the rheumatoid knee before surgery is often quite good. In this series, 6 knees had less than 15", 4 knees had between 15"-30", 25 knees between 30"-60", 49 knees between 60"-90" and 47 knees in excess of 90" movement. All 6 knees with less than 15 of an arc of movement show marked gain. Three knees now have movement in excess of 90". Whereas at the other end of the scale, 22 knees (47%) of the 47 knees which preoperatively had in excess of 90" flexion showed some loss. The frequent losses in patients with a good preoperative arc somewhat counterbalances the gain in the knees with a poor preoperative range so that the average gain appears to be minimal.
CORRECTION OF ALIGNMENT
Correction of alignment is important on 2 counts. Without correction the mechanical integrity of the prosthesis may not be achieved a.nd less than perfect function may result. Unclor-rected alignment also creates abnormal stresses within the prosthesis, which predispose to failure. The use of intramedullary stems alone will not guarantee full correction of the deformity, particularly when the linkage of the prosthesis, as in this design, will allow side-to-side movement, (in this case 4" is possible) in the fully extended position. If the muscle vectors are inadequately realigned, the drift into either varus or valgus could occur with time because of unequal weight transmission by one or the other side of the prosthesis.
Valgus strain on the knee from either hip arthropathy with adduction or valgus deformity of the foot and ankle has proved a problem in the past. With experience this is now fully appreciated and more radical approaches to these problems are now adopted. Any associated hip disorder i.s corrected before knee arthroplasty. The lack of an ideal ankle arthroplasty forces us to adopt a more cautionary approach to the ankle and foot problem. Our current approach is to follow these patients carefully and, at signs of progressive valgus deformity at the heel, to undertake corrective realignment surgery, usually with subtalar arthrodesis. Another evolving concept in the course of this clinical trial is the realization of the importance of adequate release of the soft tissues on the lateral aspect of the knee to achieve good correction at the time of surgery.
Of the 13 1 arthroplasties reviewed, 92 have normal alignment as judged clinically and radiologically. Twelve have persisting fixed flexion deformity, which makes assessment of vertical alignment very difficult. As far as could be judged, they did not have valgus or varus deformity. One knee with a previous stress fracture of the fibula and marked bowing of the tibia had apparent valgus deformity clinically. This patient also had some fixed flexion, and was impossible to assess.
Of 72 knees with preoperative angular deformity, 51 (70.5%) had correction to & 5" from normal and 69 (95.8%) had correction to f 10" from normal. Seven knees had incomplete correction of a preoperative varus deformity and 18 knees had incomplete correction of valgus deformity. Complications are listed in Table 5 . Attempts to resuscitate the patient who suffered the cardiac arrest were without success. All patients with fat embolism recovered fully. The patient with deep wound infection has had a satisfactory arthrodesis. All patients with transient peroneal nerve paresis had complete recovery.
MECHANICAL COMPLICATIONS
The plastic and metal parts of the original tibial component became detached o n 4 occasions and the prosthesis was replaced by the current model. One of these patients returned some 6 months after replacement of the tibial component with a history of her knee "gradually giving way." Clinically there was a recurrence of the valgus deformity and a radiograph confirmed a fracture of the tibial stud. This knee has not been re-explored because the patient can get about very satisfactorily with the aid of a caliper, which she is now starting to discard three and a half years later.
One patient suffered a fracture of the stud. She fell on a polished floor 2 years after operation. She is overweight and uses a caliper to control the valgus instability. She is, however, "enthusiastic" about the result, is free of pain and walks up to half a mile using a stick. Although technically this was a complete failure, the patient is still graded as having a very satisfactory result and illustrates the difficulty in assessing the results of this operation. Both these patients fractured the tibial stud and had had complete rupture of the medial collateral ligament and both had lateral dislocation of the patella, which was uncorrected at the time of operation. It is felt that total absence of either collateral ligament, fortunately an unusual occurrence, is a contraindication to the use of this prosthesis and that reliance for stability should not be placed solely on the stud.
One patient in this series had to have the operation revised. Her initial arthroplasty was performed in 1972 and the locating track of the femoral prosthesis was removed to prevent a distraction force on the femoral component. The importance of realignment of the extensor apparatus was not fully appreciated, and lateral dislocation of the patella in association with the valgus deformity allowed gradual recurrence of valgus deviation to occur over 4 years. Both the femoral and tibial components remained firmly implanted and the prosthesis was changed to a current model.
One patient showed absorption of the lower femoral condyles and part of the upper tibia. The function of the knee has remained satisfactory and the implant is firmly cemented in the bone. The same patient shows a lesser degree of absorption in the opposite knee, as does one other patient in the series. In addition, one patient shows some absorption of a tibial condyle. The cause of this absorption is now known.
LOOSEN I NG
No patient in this series had clinical or radiologic evidence of loosening of the prosthesis, but lucent lines surrounding the cement of one or both components are apparent in 5 knees.
WEAR
Careful scrutiny of the prosthesis has not revealed any evidence of wear in the plastic component. At the present time our methods of measurement are crude. Measurements of 1 to 1.5 mm, as in hip sockets, are not possible, because insuffi-cient time has elapsed for estimates to be meaningful.
PATIENT SATISFACTION
Of the 135 arthroplasties available at this follow-up, 95% gave the patients satisfaction. In 84% of cases the patients were enthusiastic while in 11% they were satisfied. Three patients expressed disappointment with the result of surgery and all were associated with pain.
THE FUTURE
Because there are so many unknowns in the future of knee arthroplasty, it must still be regarded as an experimental procedure. A clinical decision for insertion must be combined wiith a commitment to continued review. By such a study the complications of yesterday must become the hazards of today and the way paved for fheir elimination tomorrow. The pivoting of a ball in a socket in the hip joint is extremely simple compared to the complexity of the knee mechanism. Knee replacement is thus a correspondingly complex problem. As a consequence, the success of knee arthroplasty depends not only on the design of the joint but equally on the expertise with which the joint is aligned and implanted. For this reason it is unlikely that knee replacement in the hands of the average surgeon will ever achieve the extremely high success rate of hip arthroplasty .
As a result of failures a great deal has been learned about the stresses to which knee impllants are subjected and the designs have correspondingly improved. In the design described, the femoral and tibia1 bearing surfaces have had their radius increased. It is to be hoped that this will minimize the varus-valgus forces and aid in alignment. It will also enhance the stability of the prosthesis by increasing the distance betweein the bearing surfaces so that the risks associated with errors in alignment will be minimized. A trial on the use of patellar replacement in conjunction with femorotibial replacement is also proceeding but whether the long-term results will justify patellar replacement as against patellectomy in troublesome cases remains to be proven. At the present time no joint procedure other than hip arthroplasty can offer as much hope and scope for the future as knee arthroplasty .
SUMMARY
A stable polycentric knee mechanism which allows axial rotation as well as simulating other knee movements was introduced into clinical use in 1971. The surgical and mechanical problems that presented over the past ?/z years have greatly helped in improving our understanding of knee reconstruction and design. A patient satisfaction rate of 95% compares favorably with the results achieved with hip arthroplasty but the complexity of knee reconstruction far outweighs that of the hip.
